Abstract-Thallium is a metal of great toxicological concern as it is highly toxic to all living organisms through yet poorly understood mechanisms. Since thallium is accumulated by important crops, the present study aimed to analyze the biological effects induced by bioaccumulation of thallium in broad bean (Vicia faba L.) as well as plant's antioxidative defense mechanisms usually activated by heavy metals. Thallium toxicity has been related to production of reactive oxygen species in leaves and roots of broad bean seedlings following short-term (72 h) exposure to thallium (I) acetate (0, 0.5, 1, 5 and 10 mg/L) by evaluating DNA damage and oxidative stress parameters as well as antioxidative response. Possible antagonistic effect of potassium was tested by combined treatment -5 mg/L of thallium (Tl+) and 10 mg/L of potassium (K+) acetate. Accumulation of Tl+ in roots was 50 to 250 times higher than in broad bean shoots and accompanied by increase in dry weight and proline. Despite responsive antioxidative defense (increased activities of superoxide dismutase, ascorbate peroxidase and pyrogallol peroxidase), Tl+ caused oxidative damage to lipids and proteins as evaluated by malondialdehyde and carbonyl group levels and induced DNA strand breaks. Combined treatment caused no oxidative alternations to lipids and proteins though it induced DNA damage.
INTRODUCTION
As most abiotic and biotic stress, heavy-metal stress in all living organisms often results in the production of reactive oxygen species (ROS) which are relatively reactive compared to molecular oxygen and thus potentially toxic [1] [2] [3] . Consequent leaking of electrons from photosynthetic and mitochondrial electron transport chains to molecular oxygen enables higher production of ROS such as singlet oxygen, superoxide, hydrogen peroxide and hydroxyl radicals which can also be formed in peroxisomes and plasma membranes. These cytotoxic ROS can disturb normal metabolic processes through oxidative damage of lipids, proteins and DNA.
However, ROS exert negative effects only if present in high quantities. Otherwise, many important roles have been attributed to ROS such as tracheary element formation, lignification, signalling and regulation of antioxidative gene expression [3] . A regulated balance between oxygen radical production and destruction is achieved by plant antioxidative system that includes enzymatic molecules such as superoxide dismutase ([SOD] , enzyme classification (EC) number (EC) 1.15.1.1)), ascorbate peroxidase ([APX], EC 1.11.1.11), non-specific peroxidases ([POX], EC 1.11.1.7) and catalases ([CAT], EC 1.11.1.6) and various antioxidants of low molecular mass. Tolerance to heavy metal stress has been correlated with efficient antioxidative defense system, as shown by many authors [3] [4] [5] [6] . Much information is available on the effect of redox heavy metals on various antioxidant processes in plants [2, 6, 7] . In contrast to redox, non-redox metals (cadmium, mercury, thallium, zinc) are unable to perform single electron transfer reactions and do not produce ROS directly, but generate oxidative stress by interfering with the antioxidant defense system [1, 5, 8] .
Thallium is a highly toxic metal that plays no role in the metabolism of plants or animals [9] [10] [11] . Although widely distributed in the environment, thallium is present in the earth's crust at This ET&C Paper in Press manuscript is in its original unedited form and has not been copyedited or formatted for final production. This manuscript is fully citable. ©2008 Society of Environmental Toxicology and Chemistry (SETAC).
6 very low concentrations (between 0. 3 and 0. 7 mg/kg). However, prevalence of thallium in the natural environment has steadily increased (more than 1500 tons of thallium per year are released into the environment) as it is a by-product of the refining process of iron and zinc in smelting plants [11, 12] . Furthermore, since the use of thallium in the industry has substantially increased in the last decades, it has attracted greater attention as a potential pollutant on a large scale [11] .
So far, several major contaminations of food chain and consequent hazard to animal and human health have been described [12] [13] [14] . Yet, the mechanisms of thallotoxicity are not entirely understood. Villaverde and Verstraeten [15] proposed a potential mechanism of damage to biological membranes which includes interaction of monovalent thallium (Tl+) with membrane phospholipids and increase in the membrane permeability. Findings of Galván-Arzate et al. [16] have demonstrated that thallium toxicity is closely related to increased ROS formation in animal tissues. Regarding plant systems, several studies deal with bioaccumulation of Tl+ in plants [13, [17] [18] [19] [20] , but effects of Tl+ on the plant's stress defense mechanisms, including antioxidative ones, have not been studied so far. Except for the obvious reason of high toxicity, it is possibly due to the fact that it is often undetected by classical analytical methods and that, until recently it was still used as a depilator or as a rodenticide and insecticide in many countries. It is brought to agricultural soils as a trace compound of sludge from water treatment and in potassium fertilizers, the maximum admissible level of thallium in agricultural soil being 1 mg/kg dry weight [11] . The major pathway of exposure for humans is the ingestion of vegetables grown in thallium contaminated soils and even small doses (8 mg/kg) can be lethal to man [9] . In the environment, this heavy metal exists in its oxidized states as monovalent Tl+ and trivalent Tl3+ species [21, 22] . Thallium can be readily taken up by plants because it is generally present in the soil as thermodynamically stable Tl+ and as such is an analogue of potassium [22] .
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Consequently, Tl+ interferes with the vital pottasium-dependent processes. It substitutes K+ in the activation of several cation activated enzymes such as (Na + /K + )-adenosine triphosphatase and shows high affinity for sulfhydril groups from proteins and other molecules. The capability of Tl+ to mimic K+ in metabolic processes has been attributed to the remarkable inability of cell membranes to distinguish between Tl and K, possibly due to their similar ionic charges and radii [9, 11, 23] .
Beside well-known oxidative stress indicators such as carbonyl and malondialdehyde levels, heat-shock protein of 70 kDa (HSP70) was used in the present work as a biomarker of heavymetal produced stress [24, 25] . On the other hand, proline accumulation has been proposed to play an important role in ameliorating environmental stress in plants, including heavy-metal stress, acting as an osmoprotectant, a protein stabilizer, a metal chelator and an antioxidant [26] .
The study was conducted under controlled experimental conditions using the aqueous solution of Tl+ rather than Tl+ contaminated soil in order to evaluate the exclusive effect of Tl+ as it is highly soluble in water and has a very low stability constant with both organic and inorganic ligands [22, 27] . It has been stated by many studies that higher plants can be used as monitors of environmental pollutants and that results obtained could be extrapolated to higher animals since they are both eukaryotic organisms [28] [29] [30] . Also, plants are less expensive and less time consuming than mammalian systems. Broad bean (Vicia fabia L.) was chosen as an object of the study as it is a widely spread crop plant and is frequently used as a model plant. Based on the concentrations of thallium in natural environment [9, 11] as well as on preliminary results, broad bean seedlings were exposed to two lower Tl+ treatments (0.5 and 1 mg/L). To evaluate the capacity of the capacity of the tolerance mechanisms of plants to possible mechanisms to higher Tl-contamination in the environment, seedlings were also exposed to 5 and 10 mg/L Tl+.
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The objective of the present study was to investigate whether short-term exposure of broad bean to Tl+ can induce direct DNA damage and produce significant changes in malondialdehyde (MDA) and carbonyl groups (C=O) levels in correlation with alternations in endogenous antioxidant system. In addition, combined treatment (Tl+K) was applied on broad bean seedlings in order to evaluate possible antagonistic effect of K+ against Tl+ toxicity. Control plants were kept in distilled water during the entire assay. Samples were taken after 72 h of exposure.
MATERIALS AND METHODS

Plant
Analytical methods
Broad bean roots and shoots, were separated, weighed (fresh wt) and oven-dried (dry wt) at 80°C for 48 h by which time constant dry weights were obtained. Relative water content was determined according to calculation: fresh weight (g)-dry weight (g)/fresh weight (g).
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The Tl and K contents in the roots and shoots of broad bean seedlings were determined by graphite furnace atomic absorption spectrophotometer (PerkinElmer AA 600; Waltham, MA, USA) and flame atomic absorption spectrophotometer (PerkinElmer AA 300,) respectively, after microwave wet digestion (Anton Paar Multiwave 3000, Graz, Austria, EU) of the dried and powdered material in 10 ml of supra-pure concentrated HNO 3 at 230°C. Estimation was carried out in triplicate.
Free proline content was measured by the method of Bates et al.
[31] using the ninhydrin reagent. Proline concentration was read at 520 nm and determined from calibration curve using L-Proline (Sigma-Aldrich) as standard and expressed as nmol proline/g fresh weight.
The alkaline version of both cellular (in vivo) and acelular (in vitro) comet assay has been done according to Gichner et al. [32] with slight modification (20 min denaturation, 15 min electrophoresis at 1 V/cm, 300 mA). In the acellular comet assay the procedure was the same as in cellular version except the leaf nuclei were exposed to a stressor after isolation and agarose embedment. In the cellular comet assay nuclei were isolated from fresh leaves and root tips previously frozen in liquid nitrogen. For each of three replicas, 50 randomly chosen cells were analyzed with a fluorescence microscope Zeiss Axioplane with an excitation filter BP 520/09 nm and a barrier filter of 610 nm. A computerized image analysis system (Komet version 5, Kinetic
Imaging, Liverpool, UK) was employed.
Lipid peroxidation was determined by estimating the amount of MDA content using the thiobarbituric acid method described by Heath and Packer [33] . The MDA content was calculated from the absorbance at 532 nm by using extinction coefficient of 155 ml/mmol cm.
Hydrogen peroxide was estimated according to the method of Mukherjee and Choudhuri [34] using the titanyl-sulphate (Sigma-Aldrich) and concentrated NH 4 OH solution. The absorbances This ET&C Paper in Press manuscript is in its original unedited form and has not been copyedited or formatted for final production. This manuscript is fully citable. ©2008 Society of Environmental Toxicology and Chemistry (SETAC).
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of the dissolved peroxide-titanium were read at 415 nm and H 2 O 2 contents calculated from a standard curve and expressed as mol H 2 O 2 /g fresh weight. The amount of protein oxidation was estimated by the reaction of carbonyl groups with 2, 4-dinitrophenylhydrazine (SigmaAldrich), as described in Levine et al. [35] . After 2, 4-dinitrophenylhydrazine-reaction, the carbonyl content was calculated by absorbance at 370 nm, using an extinction coefficient for aliphatic hydrazones of (22 ml/mmol cm) and expressed as nmol carbonyl/mg protein.
Analysis of antioxidant enzyme acitivities: Shoot or root tissue was homogenized in 50 mM KPO 4 buffer (pH 7) including 1 mM ethylene diamine tetraacetic acid (Sigma-Aldrich) and polyvinylpolypyrrolidone (Sigma-Aldrich). The homogenates were centrifuged (Sigma 3K18
Centrifuge, Germany, EU) at 25,000 g for 30 min at 4 °C and supernatants used for enzyme activity and protein content assays. Total soluble protein contents of the enzyme extracts were estimated according to Bradford [36] using bovine albumine serum (Sigma-Aldrich) as standard.
The activity of superoxide dismutase (SOD) was assayed by measuring its ability to inhibit the photochemical reduction of nitroblue tetrazolium (Sigma-Aldrich) following the method of Beauchamp and Fridovich [37] . One unit of SOD was taken as the volume of the enzyme extract causing 50% inhibition of nitroblue tetrazolium reduction. Ascorbate peroxidase (APX) activity was done according to Nakano and Asada [38] . The ascorbate oxidation was followed at 290 nm and its concentration calculated using the molar extinction coefficient 2.8 ml/mmol cm. One enzyme unit was defined as mol oxidized ascorbate per min. The activity of non-specific peroxidase (POX) was measured using pyrogallol (Sigma-Aldrich) as substrate according to Chance and Maehly [39] . The formation of purpurogallin was followed at 430 nm and was quantified taking into account its extinction coefficient (2.47 ml/mmol cm). Catalase (CAT) activity was determined by the decomposition of H 2 O 2 and was measured spectrophotometrically
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by following the decrease in absorbance at 240 nm [40] . Activity was calculated using the extinction coefficient (0.04 ml/mmol cm) and mol H 2 O 2 decomposed per min was defined as unit of CAT.
The specific enzyme activity for all enzymes was expressed as units/mg protein. 
Statistical analysis
For each analysis, data were compared by analysis of variance (ANOVA), using STATISTICA 7.1 (StatSoft, Tulsa, OK, USA) software package, and differences between corresponding controls and exposure treatment were considered as statistically significant at P < 0.05. Each data point is the average of six replicates unless stated otherwise.
RESULTS
Uptake of Tl and K and their effect of on water status and dry matter
Thallium accumulated in V. faba shoots and roots, but the accumulation in roots was 50 to 250 times greater than in shoots ( Table 1) This This ET&C Paper in Press manuscript is in its original unedited form and has not been copyedited or formatted for final production. This manuscript is fully citable. ©2008 Society of Environmental Toxicology and Chemistry (SETAC).
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Absorption of thallium by plants was found to be under metabolic regulation using the transport mechanisms for K; that is K acts as a non-competitive inhibitor [43] . Thallium negatively influenced endogenous K content in broad bean seedlings but exogenously added K succeeded to maintain shoot and root potassium contents of broad bean seedlings (Table 1) (Fig. 2) . On the other hand, our study revealed positive correlation between enzyme activities (SOD, APX, and POX) and proline accumulation in roots under Tl treatments (Fig. 4) , thus suggesting that proline might exert protective effect due to formation of a metal-proline complex [49] .
Predominant accumulation of Tl in roots may also present a protective strategy for photosynthetic pigments from Tl-induced oxidative damage as no effect on chlorophylls and carotenoids contents were observed following 72-h exposure to monovalent thallium (data not shown).
Heavy metal toxicity is considered to induce greater production of ROS which may result in significant alternations in cell structure and mutagenesis. Thallium induced oxidative stress in broad bean seedlings as evident from the increased endogenous H 2 O 2 , malondialdehyde and carbonyl groups contents as well as DNA damage (Table 2 ). However, absence of DNA damage observed in the acellular Comet assay and dose-response DNA-damage induced by hydrogen peroxide in broad bean nuclei as well as increased contents of endogenous H 2 O 2 ( Fig. 2A) The significant increase in the levels of SOD, APX, and POX activities in broad bean seedlings at given Tl concentrations and duration demonstrate efficient antioxidative defence against Tlinduced oxidative stress (Fig. 3) . Lipid peroxidation and H 2 O 2 levels, SOD, APX, and CAT activities increased in pea roots and leaves exposed to similar concentrations of cadmium as well shown to be strongly correlated with metal ion concentration and related biomass production and
it is generally considered as an indication of plant ageing [6] . Pyrogallol peroxidase activity in broad bean roots was several times higher than in shoots, which may be consequence of much higher accumulation of thallium in roots. Similar distribution of POX activity was also noticed in rice seedlings exposed to lead [7] .
By simultanous application of Tl and K, oxidative damage to broad bean shoots and roots was suppressed by efficient antioxidative defense, thus indicating positive effect of excess K on Tlinduced oxidative stress. However, as combined treatment induced DNA damage, it seems that exogenously added potassium shows only partial ameliorative effect regarding Tl toxicity.
Another widely used indicator of stress in general, including metal toxicity, is expression of In conclusion, as thallium is a non-redox metal, the oxidative stress induced by thallous ions is most likely an indirect effect. Absence of direct DNA damage in broad bean nuclei at 50 mg/L of Tl-acetate speaks in favor of the hypothesis. On the other hand, antioxidative system of broad bean seedlings seems to be inducible, even at lower, environmentally encountered Tl concentrations. Thus, oxidative stress characterized by increased production of ROS could be an important mechanism of Tl toxicity, though extensive research is yet needed at the molecular and subcellular levels in order to get a deeper insight into Tl toxicity.
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